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Short Abstract: 

The purpose of this research was to obtain detailed 
information concerning the molecular mechanics (the 'dynamics') 
of reactions which play a part in the chemistry of the upper 
atmosphere. The detailed information took the form of quan- 
titative data concerning the rate of reaction into specified 
states of product vibration, rotation and translation 
(k (v ' , J* ,T ' ) ) for exothermic reaction, and hence similar 
information concerning the rate of reaction from specified 
states of r eagent vibration, rotation and translation 
(k (v ' , J * , ) ) for endothermic reaction. The techniques used 

were variants on the infrared chemiluminescence method, 
developed over the past decade in the principal investigator's 
laboratory. The method is, at the present time, the only 
one that provides data at this level of detail. Particular 
emphasis was placed initially on reactions that formed, and 
that removed, vibrationally-excited hydroxyl radicals. 
Fundamental studies were also performed on exothermic (and 
hence endothermic) reactions involving hydrogen halides — 
the non-equilibrium chemistry of these species could be of 
great importance in the upper atmosphere. 
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Final Report 

t 

Current chemical research is beginning to reveal the 
nature of the atomic and molecular motions during the course 
of a chemical reaction. If we are to understand the 
behavior of a reacting system, it is vital that we know not 
only the gross rate of reaction, but what might be termed 
the 'fine structure' of that rate. By this is meant the 
dependence of the rate on the partitioning of the reagent 
energy between vibration, rotation and translation (and in 
some cases electronic excitation) in the reagents and 
products. This is particularly important in reactive 
systems at low pressures, where reagents and products often 
exist in states of thermal disequilibrium. The upper 
atmosphere is just such a system ^ . 

There exist today two techniques which can be applied 

to the determination of the detailed dynamics of simple 

chemical reactions. One of these is the method of crossed 
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molecular beams . This method gives details concerning the 
translational energy in the reaction-products (and hence the 
sum of the vibrational and rotational excitation, which 
constitutes the balance of the energy) , and concerning the 
angular distribution in the products. The other method 
gives detailed information regarding the vibrational, rota- 
tional, and (hence) translational, energy-distributions in 
the products of exothermic reactions. By application of 
microscopic reversibility it is possible to derive similarly 
detailed information concerning the effect on the rate of 
the reverse (endothermic) reactions, of variation in the 
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distribution of the reagent energy among vibration, rota- 
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tion and translation ' . 

The infrared chemiluminescence method has been applied 

under this Gnnt principally to the reactions (i) H + 0^ ■+■ 

Nl N2 

OH + 0 2 ' (the references preceded by a letter N can be 

found in the list of "Papers Published with the Support of 

Nl 1 

NASA Grant NGR 52-026-028), (ii) II + Cl 2 -*• HCl + Cl ' , 

(iii) H + SCI- + HCl + SCI N4 , (iv) Cl + HI HCl + I N7 ' N12 , 


(v) H + F 2 -> HF + F 


N14 


N17 


(vi) F + HCl -*■ HF + Cl . These 

experimental studies have been supplemented by theoretical 

N6 N15 

studies applying the classical trajectory method (in 3D) ' 

or simple analytical considerations Some work was 

performed on the peripheral topics of electronic-to-vibrational 
energy-transfer, and rotational-to-translational energy 
transfer. The details of both of these processes have 
relevance to the energy distributions of reacting species in 
the upper atmosphere. 

The mc’-n findings from this work can be summarised as 
follows : 


(1) The two variants of the infrared chemiluminescence 
method termed 'measured relaxation (M.R.)' and 'arrested 
relaxation (A.R.)' give initial vibrational distributions in 
reaction products, k(v'), that are in satisfactory agreement 
[Paper N3 and N13] . 

(2) The reaction H + 0^ -*■ 0H(v',J') + C> 2 channels 
its exothermicity into vibrational and rotational excitation 
of OH, with extremely high efficiency. The potential-energy 
surface must be highly 'attractive', for a reaction of 
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atomic H to show these dynamics. The vibrational excitation 
of the second reaction product, O 2 , is negligible [Paper 
N2] . 

(3) The reaction H + SCI 2 HCl + SCI showed 
evidence of two types of reaction dynamics, i.e. two 
characteristic paths across the potential-energy hypersurface 
led to the same reaction products with different vibrational- 
rotational energy distributions. This intriguing finding 
was, however, not conclusive. A further study is planned 
[Paper N4] . 

(4) Electronic-to-vibrational energy transfer (in 
Hg* + HF) was an efficient process despite being non- 
resonant. Progressively higher vibrational levels were 
populated with diminishing efficiency; i.e. k(v) fell 
rapidly with increase in v up to the limit of detection, 
v=6. [Paper N5] . 

(5) Reactions proceeding across potential-energy 

hypersurfac«s which (viewed on the collinear section through 
the hypersurface) have an early barrier-crest, proceed most 
rapidly if the reagent er.ergy is vested in relative trans- 
lation. (The reaction H + -* OH + would be of this 

type since an exothermic reaction has an early barrier, 
particularly if the surface is 'attractive'). Reagent 
vibration (for example in an 0^ stretching mode) would be 
less effective in promoting the reaction. The effect on the 
dynamics of a light attacking atom (as in H + O^) was shown 
to be such as to diminish but not to remove this 'preference' 
for reagent translation. For surfaces with a late barrier-crest 
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(for example the endothermic reaction OH + Oj ->■ H + Oj) 
vibration would be by far the most effective form of 
reagent-energy for promoting reaction. [Paper N6] . 

(6) Under this grant a method was developed for 
semi-quantitative studies of the effect of changing reagent 
energy on product energy-distribution. Atomic H formed by 
vacuum u.v. photolysis in the upper atmosphere would have a 
greatly enhanced translational energy and consequently would 
react with high probability with 0^ (see (5) above) . This 
could distort the product vibrational energy distribution. 
Alternatively the absorption of light, or energy-transfer 
processes, could give rise to vibrationally-excited 0^ which 
would also react with atomic H to produce a modified 0H(v',J') 
product-distribution. Experimental studies, and theoretical 
studies also, have led us to conclude that reagent transla- 
tional energy, AT, in excess of the barrier to reaction is 
converted predominantly into product translation and rota- 
tion, AT ' Ail'. By contrast reagent vibration, AV, 
becomes product vibration, AV'. [The beginnings of these 
studies are to be found in papers N7 and N17 both of which 
are experimental, and in the theoretical study, N15] . 

(7) Exothermic chemical reactions frequently give 
rise to reaction products in a fairly narrow range of highly 
rotationally-excited states. At the pressures that apply in 
the upper atmosphere a molecule will suffer 'vlO-lO^ colli- 
sions before reacting, or radiating in the infrared. There 
is evidence that this number of collisions is insufficient 

to produce complete rotational thermalisation in molecules of 
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low moment-of-inertia (such as OH) . It is therefore of 
interest to examine the pattern of rotational relaxation. 

This was done experimentally, with interesting results. 

The peculiar double-peaked rotational distribution that was 
found to be t roduced by the relaxation could be explained by 
a simple model according to which the probability of rota- 
tional-to-translational energy-transfer diminished exponenti- 
ally with increasing energy of the rotational quantum being 
transferred. [Paper N8] . 

(8) Mention has been made (under items (2), (3) and 
(5), for example) of the importance of the 'geography' of 
the 'potential-energy hypersurf ace ' — that incorporates 
information regarding the interatomic forces — in deter- 
mining the particulars of the reaction dynamics. It is of 
interest to know whether purely 'kinematic' effects deriving 
from the relative masses of the reacting species can 
predominate In experimental and theoretical studies of the 
reactions X + HY -*■ HX + Y (where X and Y were halogen atoms) , 
X + Hj ■* XH + H, and H + X 2 -*• HX + X, we have found good 
evidence for a large 'kinematic' effect. Briefly-stated 
this effect derives from the slow approach of the heavy 
attacking atom in X + HY and X + H 2 (the approach is slow 
for X + H 2 compared with the rapid separation of the atoms 
in H 2 ), and the rapid approach of the light attacking atom 
in H + (or H + 0^) . One consequence is an efficient 
conversion of reaction energy into internal excitation of the 
new molecule in the former case (even on a 'repulsive' 
energy-surface) , and a much lower efficiency in the latter 
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case (on a 'repulsive' energy-surface). (Papers N12, N13, 
N14, N15, N18] . 

(9) In a speculative review-article attention was 
drawn to the possible importance of anisotropy in scattering 
angles, and of translational (and perhaps rotational) dis- 
equilibrium, in the products of reactions occurring in 
interstellar space. [Paper Nil] . 

References 

1. A. Dalgarno, Planet. Space Sci. 10, 19 (1963) discusses 
the importance of vibrational excitation in the upper 
atmosphere. This should be of greater concern to the 
aeronomist than electronic excitation of reaction 
products, which, owing to the fact that chemical 
reactions A + BC •* AB + C typically liberate only l-2eV 
of energy, is a rarer occurrence. 

2. D.R. Iierschbach, in "Advances in Chemical Physics", ed. 
J. kojs (Interscience Publishers, New York 1966) 

p. 319. 

3. K.G. Anlauf, P.J. Kuntz, D.H. Maylotte, P.D. Pacey and 
J.C. Polanyi, Disc. Faraday Soc. £4, 183 (1967). 

4. K.G. Anlauf, J.C. Polanyi, W.H. Wong and K.B. Woodall, 
J. Chem. Phys. 49, 5189 (1968). 

5. K.G. Anlauf, D.H. Maylotte, J.C. Polanyi and R.B. 
Bernstein, J. Chem. Phys. 51, 5716 (1969) . 

. J.C. Polanyi and D.C. Tardy, J. Chem. Phys. 51, 5717 


6 


Papers Published with the Support of 
NASA Grant NGR 52-026-028 


Principal Investigator : J.C. Polanyi, University of Toronto 


Nl. J.C. Polanyi, Nonequilibrium Processes, J. Appl. 1 An/ . Z, ';^J/ 
Optics 10, 1717-1724 (1971) . '< ’ 

N2. P.E. Charters, R.G. Macdonald and J.C. Polanyi, Forma- 
tion of Vibrationally Excited OH by the Reaction H + O3 , ^ V J 3 
J. Appl. pptics 1£, 1747-1754 (1971) . f ' ‘ 

N3. P.D. Pacey and J.C. Polanyi, Energy Distribution Among 
Reaction Products. III. The Measured Relaxation Method 
Applied to H + CI2, J. Appl. Optics 10, 1725-1737 
(1971) . 

N4. H. Heydtxnann and J.C. Polanyi, Energy Distribution Among 

Reaction Products; H J SCI 2 -+ HC1 + SCI, J. Appl. , -i 

Optics 10, 1738-1746 (1971). *>/ / ^ ' 0 > 0 p 

N5. H. Heydtmann, J.C. Polanyi and R.T. Taguchi, Infrared- 

Emission Studies or Eloetronic-to-Vibrational Energy “"T v, ? y 

Transfer. IV. Hg* + HF, J. Appl. Optics 1£, 1/55-1759W ' 1 ' 

(1971). 


N6. B.A. Hodgson and J.C. Polanyi, Location of Energy 

Barriers. IV. Effect of Rotation and Mass on the / ; '/ U 1 ! ' 1 ^ I 

Dynamics of Reactions A + BC, J. Chem. Phys. 5J5, 4745- 
4757 (1971). 


N7 . 


N8. 


L.T. Cowley, D.S. Horne and J.C. Polanyi, Infrared Chui.i-, ^ 
luminescence Study of the Reaction Cl + HI HC1 + I M 

Enhanced Collision Energies, Chem. Phys. Letters 12, 

144-149 (1971). 

J.C. Polanyi and K.B. Woodall, Mechanism of Rotational fj 7^ ~ !~f ^ ^ 
Relaxation, J. Chem. Phys. 56, 1563-1572 (1972). 


N9. J.C. Polanyi, Some Concepts in Reaction Dynamics, Accts. ^ 
of Chem. Res. 5, 161-168 (1972). 


N10. T. Carrington and J.C. Polanyi, Chemiluminescent 

Reactions, Chapter 6 in "Reaction Kinetics", Ed. J.C. 
Polanyi, MTP International Review of Science, Medical 
and Technical Publishing Co. /Butterworths , Oxford ^ 

(1972) pp. 135-171. 

Nil. J.C. Polanyi, Reaction Dynamics and the Interstellar 

Environment, 'Molecules in the Galactic Environment', V 
Eds. M.A. Gordon and L.E. Snyder (Wiley Inter science , 

New York, 1973) p. 329. 


• 8 


' MKw 


N12. D.H. Maylotte, J.C. Polanyi and K.B. Woodall, Energy . ; 

Distribution Air.ong Reaction Products. IV. X + HY 
(XHCl,Br; Y^Br , I), Cl + DI, J. Chem. Phys. 57, 1547- 
1560 (1972). 

N13. K.G. Anlauf, D.S. Horne, R.G. Macdonald, J.C. Polanyi 

and K.B. Woodall, Energy Distribution Among Reaction ,, > * 
Products. V. H + X 2 (X=Cl,Br), D + CI 2 , J. r ’hem. Phys. 

57, 1561-1574 (1972). 

N14. J.C. Polanyi and K.B. Woodall, Energy Listribu* ion , ■ ' 

Among Reaction Products. VI. F + H 2 , D 2 , J. Chem. Phys.,; 1 ^' 

57, 1574-1586 (1972). 

N15. C.A. Parr, J.C. Polanyi and W.H. Wong, Distribution of 
Reaction Products. (Theory) VIII. Cl + HI, Cl + DI , J. 

Chem. Phys. 513, 5 (1973). 

Nl 6 . J.C. Polanyi and J.J. Sloan, Energy Distribution Among - ' ' 
Reaction Products. VII. H + F 2 , J. Chem. Phys. 57 , 4988 * 

(1972) . — 

Nl7. L.J. Kirsch and J.C. Polanyi, Effect of Reagent Vibra- 
tional Excitation on Reaction Rate and Product Energy , . l'/ A 
Distribution in F + HCl -*• HF + Cl, J. Chem. Phys. 57 , 1 1 1 
4498 (1972). — 

Nl 8 . D.S. Perry and J.C. Polanyi, Location of Energy 

Barriers. V. Scaling the Energy-Surface for AB + CD 
AC + BD, Can. J. Chem. 50, 3916 (1972). 


- 9 - 


y 



